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Glutathione Antioxidant Pathway
Activity and Reserve Determine Toxicity
and Specificity of the Biliary Toxin

Biliatresone in Zebrafish

Xiao Zhao,! Kristin Lorent,’ Benjamin J. Wilkins,? Dylan M. Marchione,® Kevin Gi.llespie,3 Orith Waisbourd-Zinman,*
Juhoon So,’ Kyung Ah Koo,’ Donghun Shin,” John R. Porter,’ Rebecca G. Wells,! Ian Blair,® and Michael Pack"’

Biliatresone is an electrophilic isoflavone isolated from Dysphania species plants that has been causatively linked to natu-
rally occurring outbreaks of a biliary atresia (BA)-like disease in livestock. Biliatresone has selective toxicity for extrahepatic
cholangiocytes (EHCs) in zebrafish larvae. To better understand its mechanism of toxicity, we performed transcriptional
profiling of liver cells isolated from zebrafish larvae at the earliest stage of biliatresone-mediated biliary injury, with subse-
quent comparison of biliary and hepatocyte gene expression profiles. Transcripts encoded by genes involved in redox stress
response, particularly those involved in glutathione (GSH) metabolism, were among the most prominently up-regulated in
both cholangiocytes and hepatocytes of biliatresone-treated larvae. Consistent with these findings, hepatic GSH was
depleted at the onset of biliary injury, and in situ mapping of the hepatic GSH redox potential using a redox-sensitive
green fluorescent protein biosensor showed that it was significantly more oxidized in EHCs both before and after treat-
ment with biliatresone. Pharmacological and genetic manipulation of GSH redox homeostasis confirmed the importance
of GSH in modulating biliatresone-induced injury given that GSH depletion sensitized both EHCs and the otherwise
resistant intrahepatic cholangiocytes to the toxin, whereas replenishing GSH level by N-acetylcysteine administration or
activation of nuclear factor erythroid 2-like 2 (Nrf2), a transcriptional regulator of GSH synthesis, inhibited EHC injury.
Conclusion: These findings strongly support redox stress as a critical contributing factor in biliatresone-induced cholangio-

cyte injury, and suggest that variations in intrinsic stress responses underlie the susceptibility profile. Insufficient antioxi-

dant capacity of EHCs may be critical to early pathogenesis of human BA. (HepATOLOGY 2016; 00:000-000)

iliary atresia (BA) is a neonatal cholangiopathy
that is the most common cause of infantile
cholestasis and the most common indication
for liver transplantation in the pediatric population.(l)
It is characterized by progressive fibro-obliteration of

the extrahepatic bile ducts (EHDs) and occurs in
approximately 1 in 5,000-15,000 births.” Although
adequate biliary drainage can be restored in the major-
ity of patients by Kasai portoenterostomy, nearly all
patients develop intrahepatic biliary injury that
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progresses to biliary cirrhosis. Half of the afflicted chil-
dren require liver transplant by age 2 and the majority
before reaching adulthood.® Indeed, BA is a major
cause of liver-related morbidity and mortality in the
pediatric population.®

It is increasingly evident that BA is a complex disease
in which the interplay between environmental agents and
genetic factors together confer susceptibility to biliary
injury.®*® Whereas such environmental etiologies remain
obscure in humans, recurrent epidemics of naturally
occurring BA-like disease have been reported in newborn
Australian livestock.” All of the outbreaks occurred dur-
ing drought conditions and were linked to maternal inges-
tion of atypical pasturage with an abundance of plants in
the genus Dysphania. By use of an in vivo zebrafish biliary
secretion assay, we recently isolated a novel electrophilic
isoflavone, biliatresone, from Dysphania extracts that has
selective extrahepatic biliary toxicity.®” The phenotype
induced in this new toxin-mediated BA model is con-
served between zebrafish and mammals and recapitulates
the cardinal features of human BA.®) The discovery of
biliatresone provides a novel opportunity to study mecha-
nisms underlying the pathogenesis of BA and, potentially,
other cholangiopathies.

The selective toxicity of biliatresone toward extrahe-
patic cholangiocytes (EHCs) is one of the most strik-
ing features of Dysphania BA syndrome. We
previously showed that this can be explained, in part,
by its biliary secretion® and, presumably, enterohe-
patic metabolism, which is known to occur with isofla-
vones present in soy and other consumable plants.*”
It remains unclear, however, why hepatocytes and
intrahepatic cholangiocytes (IHCs), which synthesize
and transport bile, respectively, are resistant to biliatre-
sone 772 vivo. One clue comes from iz vitro studies that
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reveal biliatresone as a strong oxidant capable of form-
ing adducts with glutathione (GSH), histamine, and
amino acids at its alpha-methylene moiety, which
functions as a Michael acceptor.”'") The reactivity of
biliatresone toward these bioactive molecules suggests
that extrahepatic biliary injury in Dysphania BA syn-
drome may be caused by redox and/or proteomic
stresses within EHCs, and that resistant cells (hepato-
cytes and IHCs) are able to mitigate these stresses.
Eukaryotic cells have evolved complex mechanisms to
prevent deleterious oxidative modifications of cellular
macromolecules.™? The tripeptide, GSH, plays a cru-
cial role in cytoprotective antioxidative responses and
acts as a nucleophilic scavenger of xenobiotics, such as
biliatresone. Because of its essential role in multiple
aspects of cellular physiology,”™ GSH synthesis is
tightly regulated.™* The rate-limiting step is generation
of a gamma-peptide linkage between cysteine and gluta-
mate by gamma-glutamyl cysteine ligase (Gcl). Regula-
tion of the genes encoding the Gcl subunits, Ge/c and
Gclm, is largely mediated by nuclear factor erythroid
2-like 2 (Nrf2), a transcription factor that is considered
the master regulator of the antioxidant response.’®
Under physiological conditions, most Nrf2 is degraded
through the ubiquitin-proteasome pathway in a Kelch-
like ECH-associated protein 1 (Keapl)-dependent
manner. However, electrophiles and reactive oxygen
species can bind to and alter the conformation of Keapl
by modifying its thiol residues, leading to translocation
of Nrf2 to the nucleus where it heterodimerizes with
small Maf proteins. Nrf2-Maf heterodimers then bind
the antioxidant response element (ARE) enhancer ;)res—
ent in the promoter of many antioxidant genes.!*'”)
Given the importance of Nrf2-mediated responses in
mitigating electrophilic stress, we hypothesized that
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differential activity of this pathway may be a determining
factor in the cellular susceptibility to biliatresone. Sup-
porting this idea, Nrf2 has previously been shown to play
an important role in bile acid homeostasis, and its deletion
results in multiple adaptive changes in bile acid synthesis
and metabolism, resembling a cholestatic phenotype.’®
Nirf2 knockout mice are also sensitized to injury induced
by lithocholic acid, a highly toxic secondary bile acid.™”
Most recently, levels of NRE2 were also shown to be ele-
vated in cholangiocytes of patients with cholestatic dis-
eases, including BA, likely reflecting ongoing oxidative
stress attributed to reduced bile flow.*”

In this study, we present extensive experimental
evidence in support of the critical role of GSH- and
Nrf2-mediated redox signaling in early pathogenesis of
toxin-induced BA in the zebrafish model. Our findings
confirm that the electrophilic properties of biliatresone
are responsible for its toxicity, and its specificity is
driven, at least in part, by differential basal and inducible
redox responses among different liver cell types.

Materials and Methods

ZEBRAFISH LINES

The wild-type (WT) strains (TL, AB), transgenic
strains  (7g(krt18:TRAP); Tg(fabp10a:TRAP); Tg
(ef1a:Grx-roGFP; Tg(Tpl:mCherry); Tg(Tpl:EGFP)),
and the 772 mutant strain (nﬁ2/2aﬂ’3‘78 allele) were
used for the present studies. 772 mutant fish were
genotyped using the KASP genotyping assays (KBio-
science, Hoddesdon, UK). All zebrafish were raised
in the University of Pennsylvania School of Medicine
(Philadelphia, PA) zebrafish facility in accord with
protocols approved by the University of Pennsylvania
Institutional Animal Care and Use Committee.

ZEBRAFISH BIOASSAY
AND ANALYSES

Zebrafish larvae reared in 24-well plates were
exposed to lyophilized biliatresone resuspended in
anhydrous dimethyl sulfoxide (DMSO) for 4-24 hours
(final concentration, 0.5% DMSO in embryo medium),
depending on the experiments. The concentrations of
biliatresone varied with the experimental conditions and
ranged from 0.25 to 0.50 ug/mL. All assays were
repeated three times with at least 30 treated larvae and
an equal number of control larvae.

For the sensitization or rescue experiments, larvae
were placed in 24-well plates with embryo medium
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containing sulforaphane (SFN; Sigma-Aldrich, St.
Louis, MO), N-acetylcysteine (NAC; Sigma-Aldrich),
or buthionine sulfoximine (BSO; Sigma-Aldrich). The
embryo medium containing each compound was
changed daily. After chemical treatments, larvae were
fixed in 4% paraformaldehyde and immunostained
with mouse monoclonal antibody Annexin A4
(Abcam, Cambridge, MA), rabbit monoclonal anti-
GFP (green fluorescent protein; Abcam), or processed
for confocal microscopy and/or histology as
described.®® Increased gain was applied to samples, if
necessary, to visualize hypoplastic intrahepatic ducts.

RNA SEQUENCING

Fifty livers and their associated extrahepatic biliary ducts
were dissected from DMSO-treated and biliatresone-
treated (0.5 ug/mL, 4 hours) WT larvae, and 1 ug of total
RNA was isolated using the standard Qiagen protocol
(Rneasy Mini kit; Qiagen, Hilden, Germany). The experi-
ment was done with two sets of biological replicates.
Extracted RNA was submitted to the Children’s Hospital
of Philadelphia (CHOP) Genomics Core for library con-
struction with the Truseq Stranded RiboZero kit (Illu-
mina, San Diego, CA) followed by sequencing on the
HiSeq2000 paired-end 100-base-pair platform. RNA
sequencing (RNA-Seq) reads were mapped to the zebra-
fish reference genome and RefSeq transcriptome (zv9)
using STAR software. Counting of reads per gene was
performed using Htseq. Differential expression of tran-
script reads between biliatresone-treated larval livers and
DMSO-treated controls was analyzed with the DeSeq
package. These data are available from the Gene Expres-
sion Omnibus (GEQO) at accession number GSE76780.

NanoString nCOUNTER ASSAY AND
DATA ANALYSIS

Actively translating messenger RNA (mRNA) was
extracted from larval hepatocytes and cholangiocytes
(Tg(fabp10a:TRAP); (Tg(krt18:TRAP)) wusing the
translating ribosomal affinity purification (TRAP)
methodology as described.*” Gene expression analysis
was performed with the nCounter system (NanoString
Technologies, Seattle, WA) as described.?? The input
RNA was 100 ng per sample. The nCounter system
uses molecular barcodes for direct digital detection of
individual target mRNA molecules. The raw data were
first normalized to the positive controls provided by
the manufacturer, which accounted for variations in
hybridization and purification efficiency, and then to
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three housekeeping genes (bactin2, efla, and rpl19).
The experiment was done in three biological replicates,

and differential gene expression was calculated relative
to DMSO-treated controls.

GSH DERIVATIZATION AND
LIQUID CHROMATOGRAPHY/
MASS SPECTROMETRY

The procedures were modified from a published
protocol.m) Five larval livers (including the extrahe-
patic biliary system) were used per sample. Additional
details are described in the Supporting Information.

REDOX-SENSITIVE GFP REDOX
MAPPING

Double transgenic (7g(ef1a:Gre-roGFP, tp1:mCherry))
larvae were used for the redox mapping of hepatocytes,
IHGCs, and EHCs. Tg(ef1a:Grx-roGFP) is a redox biosen-
sor line previously generated in our laboratory.*? Conser-
vation of the biosensor redox state was achieved with the
thiol-alkylating agent, N-ethylmaleimide (NEM), and the
protocol was adapted from a previous study of deep tissue
fluorescence redox imaging in adult Drosophila.*> Addi-
tional details are described in the Supporting Information.

Statistical Analyses

Data represent at least three independent experi-
ments reported as means = SEM. The Student # test
was used for comparison between two groups. Data
from three or more groups were analyzed by one-way
analysis of variance with Tukey’s multiple comparisons
test. P < 0.05 was considered to be significant.

Results

BILIATRESONE LEADS TO THE
ACTIVATION OF MULTIPLE
EVOLUTIONARILY CONSERVED
STRESS PATHWAYS, INCLUDING
GSH REDOX CYCLING AND THE
NRF2-KEAP1 REGULATORY
NETWORK

In order to elucidate the molecular mechanisms
underlying biliatresone-induced injury, we transcrip-

tionally profiled liver RNA isolated from biliatresone

4

HEPATOLOGY, Month 2016

(0.5 pg/mL)-treated larval zebrafish and their
DMSO-treated control siblings by RNA-Seq. Livers
and their associated extrahepatic biliary ducts were dis-
sected 4 hours after biliatresone incubation, when the
extrahepatic ducts exhibited only signs of minimal
injury. Multiple evolutionarily conserved stress signal-
ing pathways were induced after biliatresone exposure,
including those involved in the cellular redox response,
heat shock response, and unfolded protein response
(UPR)/endoplasma reticulum (ER) stress (Supporting
Table S1; GEO data set GSE76780). We noted sig-
nificant up-regulation of genes involved in phase II
detoxification, specifically, those encoding for enzymes
required for GSH biosynthesis (gc/c, ge/m) and metabo-
lism (glutathione S-transferase | gstol, gstp1]). Induction
of the phase II detoxification pathway is largely con-
trolled by activation of Nrf2-mediated gene transcrip-
tion.?® Supporting this, we also observed significant
up-regulation of other Nrf2 targets, including 4eapla,
keap1b, and sequestosome 1 (sqstmI).

Cell-type specific transcriptional profiling experi-
ments indicated that both cholangiocytes and hepato-
cytes activate cytoprotective pathways in the initial
cellular defense against biliatresone. Profiling of poly-
somal mRNA isolated from larval biliary cells (EHCs
and THCs) and hepatocytes by TRAP!® revealed
induction of antioxidant genes in both cell types
4 hours after biliatresone exposure. Some genes were
induced more prominently in biliary cells than hepato-
cytes (gc/m, gstol, and keapla; Fig. 1A). These data
suggest that biliatresone induces redox stress, which, in
turn, activates the Nrf2-Keapl pathway, leading to
compensatory stimulation of GSH synthesis and con-
jugation. They are also consistent with the in witro
electrophilic properties of biliatresone.

BILIATRESONE LEADS TO
HEPATIC GSH DEPLETION

Based on our RNA-Seq data, we hypothesized that
biliatresone would deplete GSH in the larval zebrafish
liver, either through secretion of the biliatresone-GSH
conjugate into bile, and/or oxidation of GSH to oxi-
dized GSH (GSSG). We tested these possibilities by
measuring GSH content directly through mass spec-
trometry (MS) in livers (including EHDs) dissected
from biliatresone-treated and their sibling control lar-
vae (n = 5 larvae in each pool). These experiments
showed that biliatresone exposure indeed led to a dose-
dependent decrease in GSH level (Fig. 1B). Compared
to control larvae, GSH level was reduced by 53.6%
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FIG. 1. Biliatresone induces redox stress and activates the Keap1-Nrf2 signaling pathway. (A) Graphical representation of Nrf2 target
gene expression in biliatresone-treated (0.50 pg/mL, 4 hours) larvae versus DMSO-treated controls as determined by nCounter tech-
nology (NanoString Technologies, Seattle, WA). Combined biliary cell (EHCs and IHCs) and hepatocyte polysome mRNA was iso-
lated by the TRAP methodology. Data represent mean of three experiments with 50-100 larvae dissected per condition for each
experiment. Error bars, SEM. *P < 0.03 in comparison to DMSO-treated controls; **P < 0.05, hepatocytes versus biliary cells.
(B) Hepatic GSH levels after 4, 12, and 24 hours of treatment with biliatresone compared with sibling control larvae by MS. GSH
level set as 1 for DMSO-treated controls (dashed line). Data show mean values for three experiments with five larvae per group per
experiment. Error bars, SEM. *P < 0.005 in comparison to controls. (C-C') In sifu measurement of GSH redox status. Representative
composite confocal projections through livers of control (C) and biliatresone-treated (0.50 ug/mL, 4 hours) (C') Tg(ef1:Grx-roGFP2;
Tp1:mCherry) larvae scanned at 405- and 488-nm excitation wavelengths. GSH redox status of EHCs (gallbladder, dashed red circle),
IHCs, and hepatocytes derived from the ratio of fluorescence emission (405 nm/488 nm). Color bar on right (higher ratio number
indicates more oxidation). EHCs and hepatocytes localized by morphology. IHCs localized by mCherry expression (pseudo-colored
green to show location relative to hepatocytes). White dashed line, liver border. Scale bar, 20 um. (D) Median fluorescent emission
ratios at 405- and 488-nm excitation wavelengths in EHCs, IHCs, and hepatocytes. n = 10 larvae for each condition. Boxes bound
first and third quartiles; whisker, *1.5 interquartile range. *P < 0.001 in comparison to control hepatocytes; **P < 0.01 in comparison
to control EHCs, IHCs, or hepatocytes, respectively. Abbreviations: bil, biliatresone; H, hepatocytes; wt, wild-type.

after 4 hours of incubation with the standard dose of nificant change compared to control larvae (Supporting
biliatresone (0.5 pg/mL). This decrease persisted after ~ Fig. S1).
12 hours of treatment; interestingly, the GSH pool

was replenished by 24 hours, suggesting that the GSH
biosynthetic and recycling machinery is able to com- HEPATOCYTES AND EHCs

pensate for the loss over time. We observed a less- EXHIBIT ENDOGENOUS
pronounced and nonsignificant reduction of GSH DIFFERENCES IN BOTH BASAL

content with the lower nontoxic dose of biliatresone REDOX STATE AND RESPONSE

(0.25 pg/mL) after both 4 and 12 hours of exposure Ty BILIATRESONE
(Fig. 1B). Measurement of GSH levels in the matched

intestine and remnant larval integument after 12 hours Although biliatresone treatment significantly re-
of biliatresone treatment at 0.5 ug/mL showed no sig-  duced hepatic GSH levels, our analyses could not tell
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us whether it had comparable effects in resistant (hepa-
tocytes and IHCs) versus sensitive (EHC) cells. Fur-
thermore, it was unclear whether the GSH reduction
was caused by differences in the basal redox status
among different liver cell types, variation in their
response to electrophilic stress, or a combination of
these factors. To address these questions, we measured
GSH redox state at baseline and after biliatresone
exposure in hepatocytes, IHCs, and EHCs with a
genetically encoded redox-sensitive GFP (roGFP2).
roGFP2 contains an engineered dithiol/disulfide
switch that provides a redox-sensitive ratiometric read-
out of emission at two excitation wavelengths (405 and
488 nm). When fused with glutaredoxin 1 (Grx1), it is
a highly sensitive and specific probe that can be used to
detect rapid minute changes in the intracellular GSH
redox potential. A high fluorescence ratio indicates an
oxidized sensor, whereas a low redox fluorescence ratio
signifies a reduced state.?”) We used Grx1-roGFP2 to
first map the baseline cytosolic GSH redox state of
larval zebrafish hepatic cells. In order to avoid perturb-
ing the endogenous redox state, we performed our
analyses with tissues prepared in the presence of
NEM, a highly effective thiol-alkylating agent that
prevents roGFP2 oxidation during the dissection and
fixation processes.(25 ) Interestingly, we found signifi-
cant heterogeneity in the basal redox state between
cells within the liver parenchyma and the extrahepatic
biliary tree (gallbladder). Whereas hepatocytes and
IHCs were consistently found in a highly reduced
state, gallbladder epithelium clearly had a more oxi-
dized GSH pool (Fig. 1C,D). We repeated these
measurements after biliatresone exposure. Although all
three cell types were oxidized by biliatresone, the
change was markedly more pronounced in the gall-
bladder epithelium (Fig. 1C,D). These observations
indicate that there are endogenous variations in redox
homeostasis among different liver cell types, and
EHCs may be particularly susceptible to electrophilic

injury because of a low GSH reserve.

ADMINISTRATION OF THE GSH
PRECURSOR, NAC, ATTENUATES
BILIATRESONE TOXICITY

Because biliatresone led to GSH depletion, we
sought to determine whether the toxicity was attenu-
ated by cotreatment of larvae with NAC, a well-
described GSH precursor that is used to treat acet-
aminophen toxicity.?” We compared biliary morphol-
ogy in larvae treated with either biliatresone or
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biliatresone and NAC by confocal microscopy using a
monoclonal antibody directed against Annexin A4,
which stains bile duct cells.?® Changes in gallbladder
morphology detected using this ap}()roach quantita-
tively correlate with biliary secretion.® These experi-
ments showed that NAC treatment did indeed block
biliatresone toxicity. As opposed to the dramatic extra-
hepatic biliary injury observed in 89.7% of larvae
exposed to biliatresone (0.5 pg/mL, 16 hours), coad-
ministration of NAC (20 uM) inhibited biliary toxicity
in 73.8% of larvae examined. A lower dose of NAC
(10 uM) was not effective (Fig. 2A,B). To ensure that
NAC was indeed contributing to the GSH pool, we
measured GSH levels in larval livers by MS after 16
hours of treatment. In contrast to the significant
decline in the GSH pool observed in larvae treated
with biliatresone alone, GSH level was not signifi-
cantly altered after co-treatment with NAC (20 uM).
Interestingly, NAC treatment alone did not lead to an
increase in hepatic GSH level (Fig. 2C).

INHIBITION OF GSH SYNTHESIS
SENSITIZES EHCs AND THE
NORMALLY RESISTANT IHCs TO
BILIATRESONE

The observation that NAC protects larvae from
biliatresone-mediated biliary injury suggests that main-
taining GSH homeostasis may play a crucial role in the
initial defense against this toxin. We next sought to
determine whether inhibition of GSH synthesis would
sensitize larvae to a minimally toxic dose of biliatre-
sone. We pretreated larvae starting at 3 days postfertili-
zation (dpf) with BSO (1 mM), a specific inhibitor of
de novo GSH synthesis,*” for 48 hours followed by
the addition of low-dose biliatresone (0.25 ug/mL) for
12 hours (Fig. 3A). As expected, 66.3% of larvae
treated with low-dose biliatresone exhibited no appa-
rent biliary toxicity, whereas the remainder had only
minor changes in EHD morphology. In contrast, with
BSO pretreatment, low-dose biliatresone exposure led
to extensive EHD injury as evidenced by destruction
of the gallbladder in 83.3% of larvae (Fig. 3B,C). Fur-
thermore, the usually resistant intrahepatic bile ducts
(IHDs) were injured in 72.2% of larvae, with Annexin
A4 immunostains highlighting a paucity of ductular
projections compared to controls (Fig. 3B,C). The
sensitization of IHDs to biliatresone caused by reduc-
tion of GSH reserve was confirmed in a separate trans-
genic line that expresses enhanced GFP in IHCs
(Tg(Tp1:EGFP); Suppporting Fig. S2). Interestingly,
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FIG. 2. NAC inhibits biliatresone toxicity. (A) Confocal projections through livers of 6-dpf WT control and sibling larvae treated
with either biliatresone (0.50 pug/mL), or biliatresone and NAC, for 16 hours. Larvae were immunostained with anti-Annexin A4
antibody. Treatment with biliatresone disrupts gallbladder morphology (arrow); however, this is prevented by NAC at 20 uM. The
gallbladder remained deformed with abnormal contour after coincubation with NAC at 10 uM. Scale bar, 20 pm. (B) Percentage of
control larvae and siblings exposed to either biliatresone or biliatresone and NAC with normal EHD morphology. *P < 0.001 com-
pared to control larvae. (C) Relative hepatic GSH levels of biliatresone-treated larvae with or without NAC cotreatment (*P < 0.05)
compared to control larvae. All data represent mean of at least three experiments with 5-10 larvae per condition for each experiment.

Error bars, SEM. Abbreviation: bil, biliatresone.

if we coadministered BSO with low-dose biliatresone
for 12 hours in larvae without BSO pretreatment, we
observed destruction of EHCs, but the intrahepatic
system appeared unaffected (Supporting Fig. S3). This
suggests that intrahepatic biliary cells, as opposed to
EHCs, have sufficient GSH reserve at baseline to
combat biliatresone, and before depletion of this
reserve is necessary for sensitization.

To examine the degree of GSH reduction by BSO,
we again measured the GSH level in larval liver
via MS. BSO treatment alone resulted in a 75.4%
decrease in GSH content compared to control larvae.
Interestingly, this significant decline did not affect
larval viability or lead to hepatocyte or biliary injury
(Fig. 3B-D). Addition of low-dose biliatresone
(0.25 pg/mL) after BSO pretreatment led to further
depletion of GSH, whereas this dose of biliatresone
alone did not significantly affect overall hepatic GSH

level (Fig. 3D). Collectively, these data suggest that
although GSH depletion by itself is not deleterious, it
does crucially affect the ability of cholangiocytes
(EHCs and IHCs) to combat electrophilic stress.

Nr2 MUTANT ZEBRAFISH
LARVAE ARE SENSITIZED TO
BILIATRESONE AND HAVE
REDUCED HEPATIC GSH
RESERVE

Because Nrf2 is considered the master regulator of
cellular antioxidant responses and appears to be acti-
vated during biliatresone exposure, we asked whether
genetic disruption of Nrf2 would sensitize larvae to
biliatresone. The ner/Za’% 918 allele encodes a missense
mutation (R485L) in the Nrf2a protein that has been
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FIG. 3. GSH depletion sensitizes cholangiocytes to biliatresone. (A) Experimental scheme depicting treatment of 3-dpf WT larvae with
BSO (1 mM) for 48 hours before low-dose biliatresone exposure at 5 dpf (0.25 ug/mL, 12 hours). (B) Confocal projections through the livers
of 5-dpf larvae immunostained with anti-Annexin A4 antibody. The top three images show control, biliatresone-treated, and BSO-treated
larvae. Morphology of the gallbladder (arrow) and IHD is normal in the control larva and larvae treated with low-dose biliatresone or BSO.
In contrast, significant destruction of both the EHD (gallbladder, arrow) and IHD (*) is noted in biliatresone-treated larvae preconditioned
with BSO (bottom panels). Scale bar, 20 um. (C) Percentage of larvae exposed to biliatresone or biliatresone and BSO with normal EHD
and IHD morphology. *P < 0.001 compared to control larvae. (D) Hepatic GSH levels in low-dose biliatresone-treated larvae with and
without BSO pretreatment. *P < 0.001 compared to control larvae. All data represent mean of at least three experiments with 5-10 larvae
per condition for each experiment. Error bars, SEM. Abbreviations: bil, biliatresone; BD, bile duct.
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FIG. 4. Nrf2 inactivation sensitizes cholangiocytes to biliatresone. (A-A”) Confocal projections through livers of a 6-dpf immuno-
stained (anti-Annexin A4 antibody) wild-type (wt) control larva (A) and sibling larvae treated with low-dose biliatresone (0.25 ug/
mL) for 12 (A’) and 24 hours (A”). Gallbladder (arrow) and THD morpholol%y remain normal after low-dose biliatresone incubation.
(B-B”) Confocal projections through livers of an identically processed 772 *¥/5#318 (31,£2) control larva (B) and sibling #7/2 mutants
treated with low-dose biliatresone for 12 (B’) and 24 hours (B”). Gallbladder (arrow) destruction is evident in biliatresone-treated larva
at 12 hours. At 24 hours, the IHDs (*) appear hypoplastic. (C-C”) Confocal projections through livers of identically processed 77/2
mutants preconditioned with BSO. Severe gallbladder and IHD (*) injury is evident in larvae treated with BSO and biliatresone. Scale
bar, 20 um. (D) Percentage of wt and 772 mutants exposed to low-dose biliatresone, BSO, or a combination of both, with normal
EHD and IHD morphology. Data represent mean of at least three experiments with 5-10 larvae per condition for each experiment.
Error bars, SEM. *P < 0.001 compared to wt control larvae. Abbreviations: bil, biliatresone; BD, bile duct; 7712, nrf?‘“] RISt

wild-type.

shown to reduce transcriptional activation of antioxi-
dant genes.?” Homozygous nfe2/2a mutants (here-
after, n7f2 mutants), which develop normally under
unstressed conditions and are fertile, tolerated low-
dose biliatresone (0.25 ug/mlL, 12 hours) with no
increase in mortality. The treatment, however, induced
typical EHD injury in 67.8% of mutant larvae by 12
hours (Fig. 4A-B’, D). Furthermore, by 24 hours, the
usually resistant IHDs appeared hypoplastic with
prominent cell bodies and shorter ductular projections
in 80.0% of livers (Fig. 4B”, D). These abnormalities
became even more apparent in mutant larvae that were
treated with BSO for 48 hours to deplete GSH before
low-dose biliatresone (0.25 ug/mL) incubation. Nota-

bly, we observed these defects after only 12 hours of
biliatresone exposure, and 100% mortality was observed
at 24 hours (Fig. 4C,D). Interestingly, although there
was no histological evidence of hepatocyte injury in the
biliatresone-treated 77/2 mutants (Supporting Fig. S4),
ultrastructural analyses showed dilation and distortion
of the ER, a finding suggestive of ER stress (Supporting
Fig. S5).

Because Nrf2 stimulates GSH synthesis, we deter-
mined hepatic GSH levels in 77/2 mutants and WT
controls. Baseline hepatic GSH was reduced by 45.0%
in mutant larvae compared to their WT siblings (Fig.
5A). Furthermore, low-dose biliatresone (0.25 pg/mL)
treatment led to a greater reduction in hepatic GSH
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FIG. 5. Nrf2 inactivation reduces hepatic GSH reserve. (A)
Hepatic GSH levels in wild-type (wt) and sibling 772?378/%319
(n7f2) larvae normalized to wt controls. Data represent mean of
three experiments with five larvae per condition for each experi-
ment. Error bars, SEM. *P < 0.03 compared to wt control lar-
vae. (B) nCounter analysis (NanoString Technologies, Seattle,
WA) of Nrf2 target gene expression in livers of wt and nr/2
mutant larvae with and without biliatresone treatment. Data rep-
resent mean of three experiments with 30 larvae dissected per
condition for each experiment. Error bars, SEM. *P < 0.03 in
comparison to DMSO-treated controls; P < 0.03, wt versus
nrf2 mutants. Abbreviations: 77/2, mf?ﬂm SIB318. ., wild-type.

than that achieved with the higher dose (0.50 pg/mL)
in sibling WT larvae. We also examined hepatic
expression of phase II metabolism genes and other
Nrf2 targets in 77/2 mutant larvae and sibling WT
controls after 4 hours of biliatresone exposure (0.50
ug/mL). Although mRNA expression levels of genes
involved in GSH synthesis and utilization were
increased in 772 mutants, indicating compensation by
other n7/2 family genes or Nrf2-independent path-
ways, the increase was significantly less than in WT
larvae (Fig. 5B). Altogether, these results suggest that
both constitutive and inducible hepatic GSH contrib-
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ute to neutralizing redox stress incurred during bilia-
tresone exposure.

THE Nrf2 ACTIVATOR, SFN,
DELAYS THE ONSET OF
BILIATRESONE-INDUCED
BILIARY INJURY

SFN, an isothiocyanate originally isolated from
broccoli, is a well-known Nrf2 activator in mammals
and zebrafish. %3 We hypothesized that SFN would
attenuate biliatresone-induced biliary injury through
Nrf2 activation. To test this possibility, we pretreated
WT larvae with SFN (20 uM) for 12 hours before treat-
ment with biliatresone and then continued treatment
with SFN in the presence of biliatresone (0.5 ug/mL)
for an additional 16 hours (Fig. 6A). SFN inhibited
EHD injury in 73.9% of larvae pretreated with SFN
(Fig. 6B,C). Interestingly, toxicity was not altered by
SEN cotreatment in the absence of pretreatment (Sup-
porting Fig. S6), indicating that preactivation of Nrf2
is required to inhibit toxicity. SFN also did not attenu-
ate biliatresone toxicity in 772 mutants (Fig. 6B,C),
confirming that, in zebrafish, SFN exerts its protective
effect against biliatresone by activation of Nrf2. We
examined the effect of SEN on hepatic GSH level by
MS. Just as with NAC, SFN treatment, on its own,
did not significantly affect GSH concentration; how-
ever, it did prevent GSH depletion in biliatresone-
treated larvae (Fig. 6D).

Discussion

Despite extensive efforts to understand its etiology
and pathogenesis, BA remains an enigmatic dis-
ease.®*3) Perinatal damage from exposure to a virus
or toxin has been long suspected based on time-space
clustering of cases. Indeed, the most widely studied
animal model of BA, which recapitulates many features
of the human disease, including fibrotic obstruction of
the common bile duct and reactive changes within the
intrahepatic biliary system, utilizes infection of new-
born Balb/C mice with Rbesus rotavirus (RRV).C¥
Although rotavirus infection has not been implicated
conclusively in human BA,®® the RRV model has
provided the foundation for our understanding of the
essential role of immunity and inflammation in BA
pathogenesis.(34’36’37) Dysphania BA syndrome, ini-
tially described in newborn Australian livestock,
then recapitulated in zebrafish by administration of
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FIG. 6. Nrf2 activation inhibits biliatresone toxicity. (A) Experimental scheme depicting pretreatment of larvae with SFN, a known
Nrf2 activator, followed by incubation with biliatresone (0.5 pg/mL, 16 hours). (B) Top panels show confocal projections through liv-
ers of a 6-dpf immunostained (anti-Annexin A4 antibody) wild-type (wt) control and sibling larvae treated with biliatresone or bilia-
tresone and SFN. Gallbladder (arrow) injury is inhibited with SFN pretreatment. Lower panels show representative images of
identically processed n7f 2" 7%/%31% (np2) larvae. In contrast to wt larvae, SEN does not inhibit biliatresone toxicity in 77/2 mutants.
Scale bar, 20 um. (C) Percentage of wt and 77/2 larvae exposed to biliatresone or biliatresone and SFN with normal EHD morphol-
ogy. *P < 0.005 compared to control larvae. (D) Relative hepatic GSH levels of biliatresone-treated wt larvae with or without SFN
pretreatment. *P < 0.001 compared to control larvae. All data represent mean of at least three experiments with 5-10 larvae per condi-

tion for each experiment. Error bars, SEM. IHD (*). Abbreviations: bil, biliatresone; nr/2, n(f?ﬂj R wild-type.

)

biliatresone, provides the first iz vivo evidence sup- to define cellular responses to biliatresone in sensitive
porting a causative role of an environmental toxin in and resistant liver cell types.

the pathogenesis of BA.”"® Because we are interested Our principal findings, derived from molecular and
in the mechanisms underlying the selective toxicity of biochemical studies, are the following: First, exposure
biliatresone toward EHCs, the focus of this study was to biliatresone leads to activation of evolutionarily
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conserved stress pathways in larval liver, including the
Nrf2-Keap1 redox signaling cascade. Second, biliatre-
sone causes transient and selective depletion of hepatic
GSH. Third, EHCs exhibit a more oxidized GSH
redox state at baseline and after biliatresone exposure
compared to hepatocytes and IHCs. Fourth, depletion
of GSH sensitizes both EHCs and the otherwise
resistant IHCs to the toxic effect of biliatresone. Fifth,
replenishing GSH level by NAC administration or
Nrf2 activation markedly attenuates biliatresone-
induced biliary toxicity. Collectively, these findings
indicate that biliatresone activates hepatic redox stress
response pathways, and its selective toxicity may be
explained by the gradient of GSH reserve that exists
among the different liver cell types. These data provide
novel insights into the molecular mechanisms underly-
ing early cholangiocyte injury in BA pathogenesis and
may offer critical information about the role of GSH
redox balance and antioxidant response in the pathobi-
ology of other cholangiopathies. In BA, we speculate
that inadvertent maternal exposure to oxidants like
biliatresone may alter the metabolism of otherwise
nontoxic environmental electrophiles, leading to the
lowering of fetal GSH reserve and predisposition to
EHC injury.

The liver has long been recognized as a reservoir for
GSH. In mammals, nearly all plasma GSH is derived
from the sinusoidal efflux of GSH synthesized by
hepatocytes, which are uniquely suited for large-scale
GSH biosynthesis and transport.™ In addition to
their expression of distinct membrane transporters that
facilitate GSH entry into sinusoidal blood and bile,
hepatocytes are the only cells that are capable of gener-
ating cysteine from methionine by the trans-
sulfuration pathway.** This additional source of cys-
teine, beyond what is normally available from diet and
protein catabolism, is important because cysteine is the
rate-limiting substrate for de novo GSH synthesis.**
Other cell types, including cholangiocytes, derive their
cellular access to cysteine from extracellular metabolism
of GSH by the enzyme, y-glutamyl transpeptidase.**
Therefore, the ability of hepatocytes to synthesize a
large amount of GSH is important not only for cellular
redox balance, but also for organismal cysteine balance,
which has to be tightly regulated to avoid cysteine
toxicity. %)

Hepatic GSH levels in zebrafish larvae have not
been reported previously; however, our in vivo redox
mapping studies indicate a large GSH pool relative to
GSSG in hepatocytes. Interestingly, whereas the redox
potential of IHC is comparable to hepatocytes, EHCs
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clearly exhibit a significantly more oxidized state than
either cell type, both at baseline and after biliatresone
treatment. The reason for this heterogeneity in basal
and inducible GSH redox status, which correlates with
susceptibility to biliatresone, is not known. Potential
explanations include variation in cysteine uptake and/
or differences in levels or activity of Nrf2 as well as
GSH-synthesizing enzymes. Cell-type-specific differ-
ences in activity of y-glutamylcysteine ligase, which is
the rate-limiting enzyme for GSH synthesis, have also
been reported.®” Interestingly, hepatocytes and THCs
develop from a common progenitor cell, the hepato-
blast, whereas EHCs are derived from the caudal part
of the ventral foregut endoderm.“? It is conceivable
that the different embryonic origins contribute to the
variation in redox state.

Whether there is a comparable degree of heterogeneity
in the redox status of mammalian hepatocytes, IHCs, and
EHGC:s is not known. GSH levels in IHCs were previ-
ously shown to be approximately one third of those in
hepatocytes in adult rats.“Y However, this study utilized
cells recovered by proteolytic digestion that conceivably
could have altered the redox balance. We recently
observed that GSH concentration in EHDs dissected
from neonatal mice was 50% lower than in the liver
parenchyma®?; however, IHCs were not distinguished
from EHCs. Similarities in zebrafish and mammalian
GSH metabolism were detected in our study, including a
conserved role for Nrf2 in basal and inducible GSH syn-
thesis,™® tight regulation of redox homeostasis as evi-
denced by unchanged GSH levels in response to NAC
and SFN, and Nrf2-independent up-regulation of GSH
synthesis. ¥

In contrast to these similarities, we found differences
in the response between mammalian and zebrafish
cholangiocytes to GSH depletion. Notably, BSO treat-
ment induced apoptosis in cultured mammalian
THCs.*? Tt also led to lumen occlusion and loss of
polarity in mouse cholangiocyte spheroids as well as to
monolayer abnormalities and fibrosis in neonatal EHD
explants.“? However, GSH depletion, by itself, was
well tolerated by both IHCs and EHCs in zebrafish.
We saw no evidence of biliary injury despite 75%
reduction in total hepatic GSH, which likely reflects
GSH levels in cholangiocytes given their dependence
on hepatocytes for GSH synthesis. This suggests that
altered redox balance, on its own, is insufficient to
induce injury, and that an additional oxidizing stimu-
lus, such as biliatresone, is required. Whereas this dis-
crepancy can potentially be explained by intrinsic
differences in animal models, it is also possible that iz
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vivo cholangiocytes are able to mitigate stress induced
by GSH depletion compared to cells in cultured or ex
vivo conditions.

Regardless of the underlying causes, the work
reported in this study clearly shows that heterogeneity
in hepatic GSH redox balance plays a fundamental
role in determining the cellular susceptibility profile to
biliatresone. Further experiments will more clearly
define how the cholangiocyte electrophilic stress
response is affected by modulation of GSH metabo-
lism. These include measurement of GSH flux in larval
hepatocytes, IHCs, and EHCs so that the basal and
inducible rates of GSH synthesis can be correlated
with the redox mapping data, and exploring the cell-
type specific roles of GSH-coupled antioxidant
enzymes, such as GSH transferases, GSH peroxidases,
GSH reductases, and glutaredoxins. It will be useful to
define the potential role of other Nrf2-regulated anti-
oxidant responses, as well as Nrf2-independent path-
ways, in combating biliatresone-induced electrophilic
stress. These include non-GSH redox-coupled antioxi-
dant systems (e.g., thioredoxin), phase I and II
enzymes that can metabolize biliatresone, and mem-
brane transporters that may mediate secretion and/or
efflux of biliatresone or its conjugate. Differences in
baseline activity and inducible activation of these
intrinsic defense mechanisms may account for the
resistance of hepatocytes to biliatresone, even in the
absence of Nrf2.

In summary, our study shows that redox stress sig-
naling is important for mediating the response of
cholangiocytes to toxic injury, and that endogenous
variation in GSH redox potential may play a signifi-
cant role in determining susceptibility to injury caused
by xenobiotics, such as biliatresone. In addition to
providing novel insights into the pathogenesis of BA,
the difference in redox state may help explain why
EHCs and IHCs are often differentially affected in
human biliary diseases. Ultimately, this may have
important implications for developing new therapeu-
tic strategies for these uncommon, yet important, liver
diseases.
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